. One series of galvannealed samples after stretching.
Introduction
Hot dip galvanizing process is known as one of the techniques frequently used for protecting low carbon steels against corrosion. This procedure consists in applying a galvanized coating on steel surface by immersion in a molten Zn bath at about 450°C. The Zn protective coating structure consists of intermetallic Fe-Zn compound layers, which have been identified as G, d, z, and h outer layers highly rich in Zn. 1) Additions between 0.1 and 0.3 wt% Al are enough to suppress the growth of Fe-Zn hard intermetallic layers in the interphase of the coated steel. A thin layer of intermetallic compound, having aluminum, is formed on the steel. Some researchers have determined the main constituent of the inhibiting layer to be Fe 2 Al 5 .
2,3) The demands for good protection against corrosion in a wide variety of finished products have resulted in growing applications of galvanized steels. Recent trends in the automotive industry indicate growing applications of hot dip galvanized steel sheets. 4) Galvanneal is a steel product with a Zn-Fe alloy coating on the sheet steel surface mainly used for automotive applications. As a first step in the galvanneal production line, a Zn coating is applied to the sheet steel by a hot dip process. In the subsequent annealing process, the Zn layer alloys with the iron whereby it separates into three layers differing in iron/zinc ratio, thickness, and microstructure. The total Fe concentration of the coating is an important index for controlling the annealing process. Excess or lack of iron is known to create problems such as corrosion and powdering of the galvanneal steel. 5) In a typical, continuous galvannealing line, substrate steel is fed to the line from large coils. First, the steel is cleaned and dried, which is then fed through the pot of molten zinc. Then, directly above the zinc pot is the galvannealing furnace where the strip is heated up to a temperature in the range of 490-570°C suitable for annealing, followed by soaking temperature for 7-12 s and, finally, lowered down to less than 350°C. Under this process, the zinc alloys itself with the steel. Upon exit from the furnace, the steel is cooled, dried, inspected, and either fed into receiving coils or cut into flat sections.
6) The automotive industry is the largest consumer of Galvanneal products. Typical automotive applications include various stamped body components, doors, inner panels, brackets, and some structural components. 7) Sheet metal formability, which is defined as the ability of a material to be formed into a specific shape without failure, is an important property of sheet metals to produce complex sheet metal components successfully. Many factors such as mechanical and metallurgical properties, die and punch geometry, lubrication, sheet thickness, sheet roughness, punch speed, etc. contribute to the success or failure of the stamping to varying degrees in an interdependent manner. 8) Since galvanized steel sheets typically undergo heavy forming operations, the formability of the coating is an important property. August 19, 2009 ) In this research, the effects of annealing heat treatment on the coating microstructure and formability of hot dip galvanized sheet were evaluated. For this purpose, samples of galvanized sheet with identical production parameters, mechanical properties, and coating thicknesses (weight) were heat treated at a temperature range of 500-540°C for 10-180 s. After heat treatment, the samples were cooled in water and dried quickly. Scanning electron microscopy (SEM) was employed before and after heat treatment to evaluate the microstructure and coating layers. Energy dispersive spectroscopy (EDS) microanalyser and x-ray diffractometer were also used to determine each layer's chemical composition and phase, respectively. Formability of the samples was evaluated using forming limit diagrams (FLDs). FLDs and strain distribution were evaluated experimentally by stretch-forming sheet samples over a hemispherical punch. The fractography of the stretched samples was accomplished using SEM. Experimental results show that surface appearance quality changes with temperature and time of heat treatment process from silvery and bright to gray and dull. Conclusions drawn from formability evaluations indicate that the growth of iron-zinc brittle intermetallic layers and complete removal of h phase in heat treatment decrease the level of forming limit diagrams. Also, heat treatment at higher temperatures and for shorter process times improves coating formability behavior.
KEY WORDS: hot-dipped galvanized steel sheet; galvanneal; intermetallic layers; formability.
Generally, the evaluation of sheet formability is carried out using the results of tensile and stamping techniques. The stamping technique is the principal manufacturing method for autobody panels.
9,10) Keeler 11) and Goodwin 12) introduced in the 1960s the concept of forming limit diagram (FLD), which is useful for finding out the limiting strains under such forming conditions. Since then, it has been widely used for studying the formability of sheet metals. Hecker 13) developed simplified techniques for evaluating FLD and, even in recent years, numerous studies are being carried out on FLD. 14, 15) The thickness of the coating and phases present in it depend on the composition of the bath, substrate characteristics, and operating conditions (strip temperature, time, and velocity). The annealing process promotes the interdiffusion of iron and zinc, which may lead to the formation of brittle Fe-Zn intermetallic phases. 16, 17) The performance during mechanical processing is closely related to the amount and type of brittle Fe-Zn intermetallic phases present in the final coating. The galvannealing process must be precisely controlled in order to avoid excessive coating detachment during press forming.
In this study, we will investigate the effect of heat treatment on microstructure and formability of hot-dip galvanized steel sheets. For this purpose, scanning electron microscopy, X-ray diffraction, and uniaxial tensile tests are carried out and forming limit diagrams are constructed for galvanized and galvannealed specimens. Variations of formability are discussed in terms of annealing time and temperature.
Experimental Procedure

Materials
Commercial hot-dip galvanized steel sheets were used and the specimens were sampled from one coil produced in a continuous galvanizing line at the Fajr-e-Sepahan Galvanizing and Rolling Company, Kashan, Iran. The substrate was a commercial, low carbon Al-killed steel (St12). The galvanized strip was 0.6 mm thick. The mass (thickness) of the coating was also determined by dissolving a measured portion of the coating in hydrochloric acid and subsequent gravimetric analysis. Test pieces were selected from sheets with similar coating weights of 120 g/m 2 (9 microns on each side of the sheet). Chemical analysis of the bath consisted of 0.17 wt% Al and 0.16 wt% Pb. Process parameters of the hot-dip galvanizing were almost identical and similar for all samples. The temperature of the galvanizing bath was set to 460°C. A laboratory size heat resistance furnace was used for the heat treatment of the samples. To homogenize the heat treatment process, the samples were positioned in the vertical direction using a holder. The samples were annealed at 500, 510, 520, 530, and 540°C for 10-180 s. Finally, the samples were quenched in water and cooled quickly.
Microscopic Evaluations
Cross sections of coatings were studied using scanning electron microscopy (SEM) according to conventional metallography methods. Grinding and polishing of the specimens were accomplished with ethanol rather than water due to the high sensitivity of the coatings to water. Also, to avoid damage to the coating, grinding and polishing were manually carried out in the rolling direction and along the intermetallic layers. The composition and the phases of the coating layers were determined using energy dispersive spectroscopy (EDS) and Xray diffraction methods.
Forming Limit Diagrams (FLDs)
The tensile and Erichsen tests were used to construct the forming limit diagrams for the evaluation of formability behavior. For drawing the FLDs, seven strip samples were prepared 115 mm long in the rolling direction and with widths of 25, 38, 50, 63, 76, 88, and 115 mm in the transverse direction of the sheet. To investigate heat treatment effects on formability behavior of galvanized sheets, 20 series of the samples were annealed at 500, 520, and 540°C. Forming limit diagrams were evaluated following the Hecker's simplified technique. 13) According to this method, the experimental procedure mainly involves the following three stages: grid marking of sheet samples, punch stretching of the grid marked samples to failure or onset of localized necking, and measurement of strains. Grid patterns were printed on the galvanized and galvannealed samples by electrochemical etching. In this experiment, the diameter of the grid circles was 2.54 mm. After printing the grid patterns, sample surfaces were washed with distillated water and dried with compressed air. Forming up to fracture was carried out on a 20-ton capacity single action hydraulic press (AMSLER BUP 200 machine) and a hemispherical punch 60 mm in diameter was used. The test was carried out at a constant punch speed of 0.5 mm/s. Figure 1 illustrates one series of the stretched samples. The sheet samples were subjected to different strain states, namely tension-tension, plane strain, and tension-compression with sample widths varying between 25 and 115 mm by the biaxial stretching test (Erichsen test). For each blank width, three to four specimens were tested to get the maximum number of data points. All Erichsen tests were carried out using the oil-based lubricant condition.
The circles on the sheet samples became elliptical during the forming operation. The major and minor diameters of the ellipses were measured using a Miller ruler. The number of measured ellipses was 4 to 8 for each sample. Using this data, the major strain (e 1 ) and the minor strain (e 2 ) lying in the safe, necked, and fractured regions, were calculated. FLD was drawn by plotting the major strain versus the minor strain and by drawing a curve separating the safe from the unsafe region.
Strain Distribution Profiles
The major and minor diameters of the ellipses in the longitudinal direction and the corresponding distances of the ellipses from the pole were measured. From these data, strain distribution profiles were drawn by plotting the distance from the pole on the abscissa and the corresponding major and minor strains on the ordinate.
Fractography
The fractured surfaces were studied using a scanning electron microscopy. The specimens were cut close to the region of the fracture. The fracture cross sections were cleaned with alcohol before study. The nature of fracture was analyzed from the features of the fracture to study the relationship between the features and the formability parameters.
Results and Discussion
Coating Layers
The experimental results of galvanized coating microstructure examined using SEM, EDS semi-quantity analysis, XRD patterns, and liner analysis of coating sections revealed that the coating microstructure consisted of z (Zn-4.2%Fe) and h (Zn-1.1%Fe) layers on steel surface (Fig 2(a) ). The surface of the galvanized samples had shiny spangles but then changed to matt with no spangles. Figures 2(b), 2(c) show the section and the microstructure of galvanized samples and those annealed at 520°C and for varying durations. The apparent surface of coating at 120 s was silvery and bright without spangles but at 135 s, it turned gray and matt. Considering EDS semi-quantity analysis and XRD patterns, the galvannealed coating at 120 s consisted of G, d, z, and h layers while at 135 s, it only contained G and d layers. It can be seen in Fig. 2(c) that cracks initiated and propagated along the d phase.
FLDs of the Steels
The formability limit diagrams for the galvanized and galvannealed steels under investigation are presented in Fig. 3 . The diagrams are similar in shape (V-shaped). The vertical and horizontal axes in these diagrams represent the percentages of maximum strain and minimum strain, respectively. The strains were measured for the necked ellipses and around the fracture area. That is why the forming limit diagrams were drawn under the obtained points.
On the FLDs, the regions corresponding to the negative minor strain (tension-compression region) and the positive minor strain (tension-tension region) are not symmetrical. Thus, in the tension-compression region, the slope of the forming limit curve is higher and the safe zone is wider than those of the tension-tension region. It is clear from Fig. 3 that the level of forming limit diagrams and the major strains decrease with increasing heat treatment time at a constant temperature. The lowest limit strain of a FLD, which corresponds to 0 % minor strain, is known as the plain strain (FLD 0 ). Since failure appearing in cold-formed parts under pressed conditions often occurs in this state, the value for FLD 0 represents the most critical strain state on the FLD. High values of FLD 0 mean better formability. 18) FLD 0 values for galvanized and annealed samples are presented in Table 1 where it is seen that these values decrease with increasing heat treatment time. Figure 4 compares the forming limit diagrams for galvanized samples and those annealed at different temperatures but with identical surface appearances. It is observed that limit strains for galvanized samples are higher than those for heat treated samples and that the levels of forming limit diagrams for galvanized samples are 2-7 % higher than those of the heat treated samples. This means that the presence of the brittle alloying layers of Zn-Fe on the steel surface affect the formability of galvanized and annealed samples. The mechanism is most probably related to the development of d and G phases are more brittle than z layer and that the presence of these phases is considerably effective in the behavior of the forming and adherence of coatings. 17) The brittle nature of the two layers and their role in crack initiation and propagation reduce the formability of these sheets. Other researchers have. 19) According to Marder, 17) the cracks form in the delta phase, but can also extend to the zeta and gamma phases. Figure 2(c) shows the presence of cracks in coating layers for samples heat treated at 520°C for 135 s. Compared to the situation in Figs. 4(a), 4(b) , the level of forming limit diagrams for gray and matt samples is lower than that for the silvery and bright samples. In this situation (Fig. 2(a) ), no spangle is observed in the surface; however, an h phase still exists in the coating surface. Such a microstructure is approximately the same as the galvanized coating microstructure. In this case, the pure zinc layer in the coating surface acts as a solid lubricant and decreases the amount of friction in deformation. 20) Figure 4 shows that for both surface appearance situations, FLDs and the level of FLD 0 increase with increasing temperature. This indicates that the galvannealed samples show a better formability under annealing conditions characterized by higher temperatures and shorter annealing times. These changes in behavior are due to the coating microstructure and the thickness of the alloying layers. When the coating is heat treated at higher temperatures, d phase by a diffusion mechanism growths towards the surface of the coating consuming z layer. Once the d phase reaches the surface it serves as the Zn rich side of the d layer Fe-Zn/steel diffusion couple, allowing for the continued growth of G phase at the expense of the d layer. 17) The dome height at the point of fracture initiation of the samples was measured. This height is referred to as "Erichsen cup depth (ED)". Figure 5 presents the diagram of the cup depth changes versus width of forming for galvannealed samples under different annealing conditions. The best line was drawn among the points, and the equations were presented above the diagrams with the relevant values for coefficient of determination (R 2 ). The proposed equations become more reliable if R 2 approaches unity. It is also observed that as the blank width decreases, the depth of the cup increases for all the sheets as shown in Fig. 5 . Annealing at 540°C produced R 2 value nearer to 1 which can be attributed to the fact that higher temperatures result in more homogeneous microstructure and uniform mechanical properties.
Based on the results reported by others, 21) under the conditions of tension-compression strain, the value for the minor strain is negative, that of the major strain is positive, and the strip can accommodate more of a plastic deformation.
Strain Distribution Profile
The longitudinal strain distribution profiles for various blanks of the galvanneal sample annealed at 520°C for 120 s are presented in Fig. 6 . The strain distribution profiles are almost similar for all sheets and almost symmetrical about the pole. Maximum strain in the pole is in the range of 6-14 % in all cases. As the distance from the pole increases on both sides (Figs. 6(a)-6(c) ), the major strain A similar pattern of strain distribution profile is obtained for other sheets. 22) The minor strain value in pole for all the samples is in the range of 4-10 % and, except for certain samples, it decreases with increasing distance from the pole.
It is observed that sheets subjected to tension-compression (e.g., the blank 25 mm wide) exhibit large differences in their major and minor strains at fracture compared to the condition when they are subjected to tension-tension (e.g., the blank with a width of 115 mm). This is because the sheet accommodates more of the plastic deformation in the tension-compression region. 22) Strain distribution profiles reported by other researchers about formability of IF and galvanized steel strips show similar distribution profiles for different strain conditions. 4, 22) Distribution profiles of minor and major strains for different widths of annealed samples under other conditions are the same as the above diagrams.
Fractography
SEM images obtained for the fracture surface of all blanks for the sample galvannealed at 520°C for 135 s are shown in Fig. 7 . Some voids and dimples are observed at the fracture cross section of all samples indicating the high plastic deformation before fracture. Fracture surfaces present the same quantity of voids and dimples in all cases and, ductile fracture is partly observed. For the samples with a tension-compression strain (Figs. 7(a)-7(c) ), large numbers of dimples and microvoids are seen at the fracture cross section, indicating the good stretchability of these samples. This corresponds to the results on cup height (Fig. 5 ) that show the higher depth of the cup for the samples compared to wider samples. The number of voids reduces, dimples get shallower, and the surface becomes smooth with gradual width increase in samples under plain strain and tension-tension strain conditions (Figs. 7(d)-7(f) ). This indicates that the type of fracture is partly ductile and partly brittle. The results of other studies on fracture cross sections of stretched galvanized and steel sheets show similar qualities for fracture surface samples under different strain conditions. 4, 22) 
Conclusions
(1) Based on elemental analyses of the interface layers between zinc coating and the substrate in the galvanized sheets, z (Zn-4.2%Fe) and h (Zn-1.1%Fe) phases are expected to exist in the galvanized coating.
(2) The surface appearance of galvanized coating changes from shiny and silvery zinc to very dull gray by increasing the time and temperature of the annealing process.
(3) Galvanized sheets show higher levels of forming limit diagrams than the galvannealed sheets, hence, galvanized steels show a better formability. Growth of the ironzinc brittle intermetallic layers and complete removal of h phase during heat treatment lowers the level of forming limit diagrams.
(4) When the coating is heat treated at higher temperatures, the d and G phases grow at the expense of the z phase. The brittle nature of the two phases and their role in crack initiation and propagation reduce the formability of these sheets.
(5) Annealing heat treatment at higher temperatures and for shorter process times improves the coating formability behavior.
(6) The longitudinal strain distribution profiles for various blanks of galvannealed samples are similar and symmetrical about the pole and they exhibit good correlation with formability.
